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Abstract. An optical frequency synthesizer (OFS), based on difference-
frequency generation (DFG), is demonstrated at 3 µm. By mixing a near-infrared
(IR) OFS and a tunable continuous-wave (CW) laser in a periodically poled
lithium-niobate (PPLN) crystal, a new comb is created from 2.9 to 3.5 µm
(in 180 nm wide spans) with a 100 MHz mode spacing. By phase-locking, the
pump laser to the near-IR OFS, the mid-IR comb is directly linked to the Cs
primary standard via a global positioning system (GPS) time receiver. Then, the
compactness of our fibre-based set-up opens real perspectives for the realization
of transportable mid-IR frequency standards.

The introduction of mode-locked femtosecond (fs) lasers as a tool for synthesis and measurement
of optical frequencies has suddenly led to new advances for metrological applications in the
visible and near-IR spectrum [1]–[3]. Among these, the most prominent are in ultra-high
resolution spectroscopy [4], inter-comparison of optical frequency standards [5], wavelength-
multiplexed optical communication systems as well as multicolour interferometric length
measurements [6]. In addition, their use is leading to new time-domain applications based on
precise control of the carrier-envelope phase [7].

However, to fully benefit from the great potential of optical frequency synthesizers (OFSs),
their spectral extension is crucial. Optical combs in the UV have already been demonstrated
by high-order harmonic up-conversion, allowing for accurate metrology of atom transitions
[8]–[10].

On the other hand, a direct comb synthesis in the IR can be a real breakthrough for absolute
frequency metrology of molecular spectra. In this frame, a few schemes have been devised
for the extension of OFSs to the IR region. Broadening the spectrum of fs mode-locked lasers
through highly nonlinear optical fibres has already succeeded in extending combs up to 2.3 µm
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Figure 1. Schematic of the experimental apparatus: OI = optical isolator, BS =
beam splitter, FP = fibre port, C = collimator, QWP = quarter wave plate, HWP
= half wave plate, M = mirror, L = lens, DM = dichroic mirror,AL = achromatic
lens, Ge-F = germanium filter, FM = flipping mirror, G = diffraction grating.
The 3µm frequency comb is created by DFG in a PPLN crystal between a near-IR
OFS and a cw laser. A fast, 100µm diameter MCT detector and a cryogenic InSb
camera are used to characterize the generated mid-IR comb.

wavelength [11]. A 270 nm span frequency comb at 3.4 µm has been realized by difference-
frequency generation (DFG) between two spectral peaks emitted by a single uniquely designed
Ti:Sa fs laser [12]. In a different approach, the metrological performance of OFSs has been
transferred to the mid-IR, around 4.2 µm, by phase-locking the DFG pumping sources to the
teeth of a near-IR comb [13]. Such a method, however, precludes the possibility of direct comb-
referencing for laser sources not based on frequency mixing, such as quantum cascade lasers.

In this paper, we demonstrate a frequency comb working around 3 µm, based on a DFG
process between a continuous wave (cw) laser source and a near-IR fibre-based OFS. The flexible
character of our approach allows for a full and direct control of the comb features by simply acting
on the parameters of the cw laser. In particular, by tuning its wavelength, the mid-IR comb covers
the region from 2.9 to 3.5 µm in 180 nm wide spans. A co-propagating, cw DFG beam with a
power of several milliwatts is simultaneously produced in order to characterize the generated
comb. The experimental apparatus for the creation of the 3 µm frequency comb is shown in
figure 1. The DFG signal radiation comes from a near-IR OFS (FC1500, Menlo Systems)
covering the octave from 1050 to 2100 nm. Its repetition rate (100 MHz) and carrier-envelope
offset frequency are locked to a reference oscillator based on a high-stability GPS-disciplined
10 MHz quartz, including a Rb-clock. The signal beam is then provided by feeding a fraction
(25 mW) of the fs fibre laser system output (before the spectral broadening stage), covering
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Figure 2. Power spectral distribution of the near-IR comb at the output of the
EDFA, as recorded by the OSA with a resolution of 0.1 nm. The area under
the curve gives the power of the DFG signal source (0.7 W). The dotted line is a
fit of a parabola plus a Gaussian function to the experimental curve and is used
in the theoretical model to predict the power of the generated 3µm comb (see
text). The inset also shows the power spectrum coming from the near OFS which
initially seeds the EDFA.

the 1500–1625 nm interval, to an external Er-doped fibre amplifier (EDFA). The power spectral
distribution, resulting from the convolution with the EDFA gain curve, is recorded by an optical
spectrum analyser (OSA) and shown in figure 2 together with the best fitting curve (i.e. the sum
of a parabola and a Gaussian function). The amplified comb beam has an average power of 0.7 W
and spans from 1540 to 1580 nm (with a 100 MHz spacing), corresponding to nearly Nt = 50 000
teeth in the frequency domain. Concerning the intensity and frequency noise spectral density,
simultaneous amplification of many optical carriers does not introduce any appreciable additional
noise in the process, owing to the slow gain dynamics which makes the amplifier practically
immune from crosstalk effects [14]. Actually, use of advanced fibre-based devices, which benefit
from the continuous progress in telecom technology, may give additional advantages for the
realization of more and more effective set-ups.

The pump beam is generated by an external-cavity diode laser (ECDL) emitting in the
range 1030–1070 nm and is amplified by an Yb-doped fiber amplifier which delivers up to
0.7 W, preserving the linewidth of the injecting source (less than 1 MHz). Then each beam
passes through a quarter-wave plate, to correct for residual ellipticity, followed by a half-wave
plate to get an s-polarized beam (parallel to the crystal optical axis), as required by the quasi
phase matching (QPM) condition. The two laser beams are finally combined on to a dichroic
mirror and focused by a near-IR achromatic lens (f = 100 mm) into a temperature-controlled,
antireflection-coated, periodically poled lithium-niobate (PPLN) crystal. The latter consists of
an array of nine channels, with different poling periods ranging from 29.6 to 30.6 µm. Once the
wavelength of the pump source is fixed (1055 nm), the channel and temperature value (between
50 and 80◦ C) are properly chosen to satisfy the QPM condition with the centre wavelength of
the near-IR comb (1560 nm). The teeth on both sides are involved in as many DFG processes,
with a signal power described by the envelope (dotted line) represented in figure 2, and with a
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conversion efficiency decreasing according to the well-known sinc2 law [15]. Then, the two-wave
DFG theory (in the plane-wave approximation) is easily generalized to the case of one pump
frequency and many signal frequencies (Nt = 50 000), predicting a value of about 20 µW for
the power integrated over the whole comb wavelength span.

The 3 µm comb is detected by filtering the DFG idler beam from the unconverted near-
IR light and focusing it on to a liquid-nitrogen-cooled, 150 MHz bandwidth HgCdTe (MCT)
detector. In this way, a radio-frequency (rf) beat note at ωr = 100 MHz is recorded by a spectrum
analyser, which is the sum of the beat signals between all pairs of consecutive teeth in the
generated comb. The latter has a bandwidth of 180 nm (5 THz) centred near 3.3 µm and its
measured overall power P is about 5 µW, the slight discrepancy with the above theoretical value
being imputable to the Gaussian nature of the beams. This value corresponds to a power of
nearly 5 µW/Nt = 100 pW per mode of the IR comb. Since the linewidth of the ECDL is around
1 MHz, the DFG comb lines are significantly wider than those of the near-IR OFS. This can be
overcome either by locking the ECDL to an external high-finesse Fabry-Perot cavity or to a tooth
of the near-IR comb.

In most schemes, the metrological performance of an OFS is usually transferred to a cw
laser by phase-locking the rf beat note between the laser and the closest tooth in the comb
to a local oscillator by feeding appropriate frequency corrections back to the laser itself. Our
experiment is also intended to demonstrate that such a scheme is possible in a hardly accessible
spectral region. For this purpose, a cw DFG beam is simultaneously produced by the apparatus in
figure 1.

This is accomplished by simultaneously seeding the Er-fibre amplifier with an ECDL
emitting in the 1520–1570 nm interval (having a linewidth less than 500 kHz). In this
configuration, a cw 1.5 µm beam is also produced by the EDFA and the emission spectrum
of the EDFA is modified. This unavoidably reduces the power of the amplified comb beam
and consequently that of the 3 µm DFG comb (P = 1 µW). It should be noted that this is
a consequence of the further amplification process, only used for characterization. The cw
signal beam gives rise to a second DFG process with the pump radiation thus producing a
cw idler beam around 3 µm with a power between 1.5 and 3 mW, depending on the wavelength.
As a consequence, two additional rf beat notes at ω1 = ωcw − ωn and ω2 = ωn+1 − ωcw are
detected between the DFG cw radiation at ωcw and its two closest IR comb teeth at ωn and
ωn+1 respectively (see figure 3). The amplitude difference between these two peaks is likely
caused by the non-flat AC responsivity of the detector preamplifier. In figure 3, the signal-to-
noise ratio (SNR) for such beat notes can be measured as the 1.5 µm ECDL wavelength is
tuned from 1540 to 1570 nm (ωcw from 3.22 to 3.35 µm). The SNR value reaches a maximum
of 35 dB at the centre wavelength (1555 nm), while decreases almost symmetrically down to
less than 20 dB at the upper and lower edges. This limits to about 130 nm the interval which is
generally suitable for use in optical phase-locked systems. Actually, the 180 nm span can be fully
exploited as higher beat notes are expected when an external 3 µm mW power source is used
(i.e. in absence of the simultaneous cw DFG beam coming from the same EDFA). Moreover,
SNR levels can be further improved selecting a smaller number of teeth by using a diffraction
grating.

Finally, by tuning the 1 µm laser wavelength, the centre frequency of the DFG comb is
tuned from 3.1 to 3.4 µm, without any need to adjust the QPM conditions. This is shown in
figure 4 where the peak signal of the beat note at 100 MHz is plotted as a function of the
1 µm wavelength, the upper limit being set by the laser tunability range. By also tuning the QPM
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Figure 3. Beat signals recorded by the rf spectrum analyser at the centre (b) and
at the ends ((a) and (c)) of the 3µm comb span. The peak at ωr = 100 MHz is
the sum of the beat signals between all pairs of consecutive teeth in the generated
comb, while the peaks at ω1 and ω2 correspond to the beat notes between the DFG
cw radiation and its two closest comb teeth. Asymmetry between these two peaks
is mostly due to the non-uniform frequency response of the detector preamplifier.
Resolution and video bandwidth are, respectively, 10 kHz for panels (a) and (c)
and 3 kHz for panel (b). The sweep time for all the acquisitions is about 1 s.

conditions, higher conversion efficiencies and further extension of the span (from 2.9 to 3.5 µm)
can be accomplished.

The beam intensity profile of the generated mid-IR comb was also monitored by means
of a liquid-nitrogen-cooled InSb camera consisting of an array of 320 × 256 square pixels
(30 µm size). For this purpose, the DFG beam was directed on to a reflective diffraction grating
(133 lines mm−1) and the first order (about 95% of the incident power) re-focused by a CaF2

lens onto the camera. The recorded beam pattern is shown in figure 5, where a very wide spectral
span (3.22–3.35 µm) is shown. Pixel-to-wavelength calibration was obtained by imaging the cw
DFG beam for two different wavelengths.

In conclusion, we have demonstrated an optical frequency comb directly operating around
3 µm. DFG in a PPLN crystal between a near-IR OFS and a widely tunable cw laser has been used
to transfer the frequency comb metrology to the 2.9–3.5 µm spectral window. A co-propagating
cw DFG beam has been used to characterize the mid-IR comb, showing its potential for future
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Figure 4. SNR for the beat note at ωr = 100 MHz as a function of the DFG
wavelength, recorded by tuning the pump source from 1040 to 1070 nm. Each
point represents a frequency comb with a span of about 150 nm. The asymmetric
behaviour with respect to the central wavelength is caused by the decrease in the
optical power of the Yb fibre amplifier.

3.22  µm               3.35 µm 

Figure 5. Mid-IR ‘rainbow’ recorded by the InSb camera (in false colours). The
diffraction pattern is obtained by directing the 3µm generated comb on to a
grating with a first-order 95% reflectivity. Re-focusing by a lens allows us to
observe in a single acquisition the whole comb span (3.22–3.35µm).

metrological applications of novel lasers under development [16]. Of course, the demonstrated
scheme can be similarly applied to different IR regions, provided that nonlinear crystals with
suitable transparency and conversion efficiency are available. Furthermore, the generated mid-IR
OFS can provide metrological performance traceable to the primary Cs frequency standard by
phase-locking the pump laser to a tooth of the GPS-based near-IR comb [17]. Then, the richness
of strong ro-vibrational transitions that characterizes the 3 µm region may open new interesting
perspectives for high resolution molecular spectroscopy [18] as well as for high precision tests of
fundamental physical theories [19]. In the time domain, the realization of phase-coherent mid-
IR pulses offers a novel tool for Fourier-transform molecular spectroscopy [20] and coherent
control of molecular reactions in a previously uncovered spectral region [21]. Moreover, by
taking advantage of both the broad bandwidth and the outstanding frequency accuracy, the
generated mid-IR comb may be used in interferometric set-ups to measure refractive indexes
in a still quite unexplored spectral region, with very high precision and accuracy [22]. The
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ability of imaging the generated mid-IR comb also envisages the extension of frequency-comb-
based interferometric/olographic techniques, already demonstrated at 1.5 µm [23], to the mid-IR
region. Finally, the compactness and portability of both the near-IR OFS and our fibre-based DFG
apparatus [24] paves the way to the realization of a really transportable mid-IR optical frequency
comb.
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